Remote pollutant measurement by absorption using topographical reflectors or atmospheric Mie scattering as a distributed reflector offers increased range and sensitivity compared to that achieved by Raman or resonance backscattering methods. The use of topographical reflectors offers the advantage of a single-ended absorption measurement for ranges up to 10 km and sensitivities to less than 0.01 ppm for a 10-mJ, 100-nsec transmitted pulse. The distributed Mie reflector permits absorption measurements over a depth cT/2, determined by the pulse length T, and allows ranging by time-of-flight measurement. For a 100-mJ, 100-nsec pulse sensitivities to 0.3 ppm at a 15-m depth resolution to ranges of 1-4 km are possible. This sensitivity is 104 to 105 times better than that achieved by the Raman method.
I. Introduction
In their review article comparing three laser methods for pollutant detection-Raman backscattering, resonance backscattering, and absorption-Kildal and Byer' concluded that the absorption method offers the best sensitivity and requires the least transmitted laser power for pollutant detection. In that paper only simple long-path absorption was considered.
Here we extend the absorption method to the following modified schemes: absorption using Rayleigh or Mie scattering as a distributed reflector and absorption using a topographic target as a retroreflector. Although similar schemes have been discussed, 2 -4 to our knowledge they have not been carefully analyzed for sensitivity, maximum range, depth resolution, and laser power requirements. [It has come to our attention that the differential absorption method has been recently considered by R. M.
Measures and G. Pilon (see Ref. 13).]
At the present time extensive development of the laser radar or lidar technique has been demonstrated. 5 In this technique, a fixed-frequency laser transmits energy into the atmosphere and the backscattering energy from Mie or Rayleigh scattering returns to a collecting telescope.
The returned signal is of the form where Po is the transmitted power, A the telescope mirror area, (CT/ 2 ) the effective length being sampled with the pulse length, K the optical efficiency of the receiving telescope, and #(R) the volume coefficient of backscattering into unit solid angle. In Eq. (1) A(r) is the volume extinction coefficient, which is composed of a sum of terms due to atmospheric scattering and absorption, and pollutant absorption.
The backscattered signal from a Lambertian reflector of reflectivity p is easily shown to be (2) This has the same form as Eq. (1) if backscatter reflectivity due to the distributed reflector (CT/DVY(cr/2)(R) is identified with the reflectivity p/7r. However, an important distinction between the distributed backscatter reflector and Lambertian topographical reflector is that the former allows sampling of pollutant concentration over a length element (CT/2) and locates the sampled length by a time-offlight measurement as shown by Fig. 1 . The use of a topographical reflector allows a single-ended longpath absorption measurement. The convenience of a single-ended system is bought at a cost in range or increased transmitted power.
Pr(R) = K-4 P exp'[-2f CaA(r)dr],
In Sec. II we consider the power requirements for the detection of the backscattered signal. We show that if the pollutant is a natural constituent of the atmosphere, such as CO, it may be necessary to optimize the measurement by detuning from the absorption line center. In addition, we discuss the absorption and scattering cross sections used in making the measurements.
Section III gives examples of the required laser power, detection sensitivity, and range for the backscattered absorption methods. The backscattered absorption methods are compared with Raman and fluorescence backscattering methods. The comparison shows that the backscattered absorption methods are significantly more sensitive and require considerably less laser power than the well-known Raman method.
Power Requirements for Detection of Backscattered Gaseous Absorption

A. Required Transmitted Laser Power
In the following, we determine the maximum range and minimum density for which a gaseous pollutant can be detected at varying laser powers or pulse energies. A single relationship suffices for both methods described in the introduction if it is understood that the fraction p/7r backscattered by a topographical target into unit solid angle is replaced by 2 cTf(R) for atmospheric backscatter. In both cases, the detection process consists of a comparison between the backscattered intensities received with the pollutant gas (1) adding and (2) not adding to the absorption. The most direct approach is to compare intensities with the laser tuned (1) on and (2) off resonance for a selected line of the gas in question. To achieve detection with a signal-tonoise ratio S/N equal to unity, we demand that the difference between the two received powers be adjusted to equal the noise power PN resulting from the two observations. (See Appendix III of Ref. 1 for an alternative treatment of this signal-to-noise question.)
The power received off resonance is
where we have assumed a choice of a wavelength region in which only atmospheric scattering contributes to attenuation with a coefficient
These coefficients may be considered constant within the required tuning range over the selected line. The presence of absorption due to constituents in the atmosphere other than the pollutant gas would not alter these considerations, provided it too is constant over the tuning range. However, near the resonance point selective absorption by the pollutant gas occurs, and we must include the possibility that the atmosphere itself contains the pollutant as natural ingredient. The power received on or near resonance is thus
where the following parameters of the pollutant gas are introduced: the absorption cross section (X), the molecular density NA normally present in the atmosphere, and the added density Np averaged over a pollutant cloud of extent L. The difference between the power values of Eq. (5) Proff -Pron = Prff {[1 -exp[-2(NAR + NpL)ar(X)]l (6) contains the normal absorption factor exp[(-2NARa-(X)] due to absorption over a pathlength 2R by the gas normally present in the atmosphere. Either this factor must be known beforehand or it must be measured.
If one knows the normal absorption factor, one also knows the value
which is the difference between the powers received on and off resonance at the range R in the absence of the pollutant cloud. The mere detection of a signal difference, as given by Eq. (6), is not sufficient for the discovery of the pollutant cloud, since this merely confirms normal abundance of the gas. The value in Eq. (6) has to be measured with an accuracy sufficient to establish a difference with respect to the normal value given by Eq. (7). For S/N 1, the difference between Eqs. (7) and (6) must be just equal to the noise power or (8) On the other hand, if one does not know the normal attenuation factor, one must rely entirely on measurement.
For example, the backscattered power may be observed at resonance before and after the appearance of a pollutant cloud. Quite generally, then, the laser power needed to achieve a signal-to-noise ratio of at least unity is found by substituting Eq. (3) 
where Pr is the signal power and Af is the amplifier bandwidth. The first term in the denominator represents the noise power generated by the signal itself (shot noise) due to the flux density fluctuations of photons at frequency v and the carriers generated with a quantum efficiency 7. The second term in the denominator represents the noise of the detector in the absence of a signal (dark current and background noise characterized by the noise equivalent power NEP). A factor of 2, added under the square root, takes account of the noise resulting from two measurements, since PN 2 = (PN 2 )on + (PN 2 ) 0 ff.
Usually, either the first or the second term in the denominator needs to be considered.
Shot-noise-limited detection is reached if the dark current can be ignored and the receiver rejects all background by such means as narrow band filters and viewing field restrictions. For all practical purposes, this limit can be attained with photomultipliers. For S/N = 1, Pr = PN, we obtain for photomultipliers with Eq. (10)
where we have added a factor F (between 2 and 5) for the partition-noise effect of the multiplier dynodes. If this expression is introduced into Eq. (9) and multiplied by the pulse duration T one obtains for the required pulse energy
where it is assumed that a time-bandwidth product TAf = 2 is necessary to resolve the pulse. It is seen that E 0 does not explicitly depend on pulse duration. This should be expected, since the number of electrons and their fluctuations depends only on the total signal energy but not on the distribution of the signal energy in time. However, for the case of Mie backscatter, p/7r is replaced by / 2 c-rf(R) so that the signal energy itself depends on pulse duration.
Dark current or background limitation yields, according to Eq. (10), for S/N = 1, the noise power PN = NEP(2Af) 112 (13) This type of noise limitation applies, in particular, to photoconductors and other detectors used in the infrared. It is characteristic for detectors with either of these limitations that they achieve, for equal average power, higher signal-to-noise ratios with increasing peak power in pulsed operation. Specifically, the minimum energy E 0 for S/N = 1 per pulse delivered during a time r, obtained from Eqs. (9) and (13), is
where TAf = 2 as in Eq. (12) . The minimum energy is reduced as \/r for shorter pulse lengths as expected for dark-current-limited detection. For the Mie backscatter case where p/7r is replaced by % 2 cTf(R) the minimum energy varies as 1/Vr or Af. The depth resolution advantage gained by use of short pulses is bought at a cost of a higher required transmitted energy.
C. Optimization Procedures
Equations (12) and (14) represent pulse energies for the noise equivalent detection of gases that, quite generally, appear at an average pollutant density Np over an extent L as well as a natural atmospheric constituent at density NA over the target range R. Most true pollutants, such as NO 2 , SO 2 , Hg, and H-C compounds, are normally absent from the atmosphere to the extent that NAo(X) < asc, so that obvious simplications result in the equations as well as in the measurement procedures. Thus the term NpL(X) appears only in the denominator of Eqs. (12) and (14), and the lowest energy is required for detection when the laser is tuned to the peak of the absorption line.
There are often, however, also natural pollutants of interest that are abundant in the atmosphere, such as C0 2 , N 2 0, and CO. Aside from the somewhat greater complexity of the process for the detection of an excess density, the atmosphere may severely attenuate radiation at exact resonance.
We have, however, the option of tuning off the resonance peak. Since E 0 becomes very large for large and small cross sections, we find a minimum E by setting dEo/da = 0 in Eq. (14). The resulting cross section for minimum energy requirement is°m
where q = NpL/NAR. Equation (15) shows that if the pollutant represents only a small fraction of that already normally present over the observation path 2R, the optimum cross section
makes 2R equal to the e-1 depletion length. Using Eq. (14) one then obtains for the required energy for dark-current-limited detection at optimized tuning
and a corresponding expression for shot-noise-limited detection. For example, CO, present in the atmosphere at an average normal concentration of 0.2 ppm, requires at exact resonance a laser energy that is a factor of 103 larger than that needed under opti- 
3
aopt = 2.22/2(NL + NAR) (shot-noise limit) (21a) and aopt 1.11 / 2(NpL + NAR) (dark current or (21b) background limit). These values are notably different from those of Eqs. (15) and (16). In either of these cases, however, the amount of pollutant gas encountered may be insufficient to cause depletion of the resonant radiation, so that the optimal cross sections exceed those corresponding to the peak of the resonance absorption lines. Measurement or detection conditions can then not be improved beyond the operation at the resonance peak.
In the limit x < 1 Eq. (20) 
S/N = X(Proff /PN)1 2
(shot-noise limit) (22a) and
where the noise power PN is given by Eqs. (11) and (13) A different problem of optimization is posed if we ask not for minimum energy sufficient for detection, but for maximum accuracy in the measurement of pollutant amount NPL. In the absence of a natural abundance of the pollutant the minimum energy requirement for detection is found from Eq. (9) . For the case of complete absorption at resonance, i.e., for Pron = 0, the pollutant amount when best detectable is least measurable. In the general case of pollutant abundance in the atmosphere, the measurement determines the value [cf. Eq. (5)]
with an error Ax given by
Following the procedure of Appendix III in Ref. 1, one obtains for this more general case with Eq. (10) as a measure of accuracy
It is seen that there exists for any natural or additive pollutant amounts an optimum cross section Topt at which the accuracy of measurement is a maximum. We have for the two regimes of detector operation where we have assumed that NAR/NpL << 1. Figure 2 shows the power backscattered from a distributed Mie target given by Eq. (3) when tuned off resonance and by Eq. (5) when tuned on resonance. Also shown is the ln(Proff/Pron), which is equal to the pollutant concentration plus the natural concentration given by Eq. (18). The derivative of ln(Proff/Pron) with respect to range gives the assumed CO concentration. The remaining parameters indicated in the figure are discussed in Sec. III. This figure shows the measurement process and indicates the sensitivity and depth resolution for a 100-mJ transmitted pulse that achieves a signal-tonoise ratio of greater than 20 at a depth resolution of 15m.
D. Absorption and Scattering Cross Sections
The minimum measurable pollutant concentration over a range L is determined by the measurable change in intensity when switching on and off resonance. Assuming that it is possible to detect a 1% change in intensity when tuning on and off an absorption line, the minimum measurable concentration as a fraction of atmospheric density is' (24) Table I gives the minimum measurable pollutant concentration for an absorption length L = 100 m at a 1% change in intensity for representative molecular and atomic pollutants. The change in intensity of 1% when tuned on and off the absorption line is not 
F (R)
.
-,--. The values shown in Table I are sensitive enough to measure expected average pollutant concentrations. In addition, the sensitivity improves with increasing pollutant extent L.
The atmospheric attenuation has contributions due to elastic Mie and Rayleigh scattering and absorption. In the infrared spectral region the absorption contribution is significant and exceeds the scattering loss in medium-clear day conditions. For example, at 75% relative humidity and 5 km visibility the absorption in the two atmospheric windows where V is the visual range in kilometers and X is in microns. This expression is an approximation and may not hold under unusual atmospheric conditions. Recent measurements 8 ' 9 have shown that Eq. (25) does apply to Mie scattering with laser sources but with increased variation in backscattered signal compared to white light sources. Extension of Eq. (25) to infrared wavelengths is also questionable, since the particle concentration decreases for sizes greater than 1-2 . However, for estimating atmospheric attenuation and backscatter due to Mie scattering Eq. (25) is a useful approximation.' 0 Rayleigh scattering is negligible in the infrared but becomes important in the ultraviolet.1 0 In Table II   Table 11 . Rayleigh and Mie Scattering Coefficients 
Backscattered Absorption: Examples and Discussion
In this section we give examples of the relationships between detection threshold, range, and required laser power necessary to measure pollutant concentrations by the backscatter absorption methods. We consider two representative cases: detection of CO at 4.47 ,um and detection of NO 2 at 0.40 ,Lm in the ultraviolet.
A. Backscattered Absorption from a Topographical Reflector
The required transmitted laser energy to achieve S/N = 1 is given by Eq. (14) for dark-current-limited detection. For the detection of CO at 4.7 ,um in the infrared we assume an InSb detector with an NEP = 0.3 10-11 WHz' 2 . In addition we as- width required to resolve a 100-nsec pulse has a minimum detectable signal of 2.5 X 10-10 W. For a telescope receiving area of 1000 cm 2 , K = 10%, and p = 0.1, the minimum required energy given by Eq. (12) Figure 4 shows the minimum required energy for the detection of NO 2 as a function of range. Here we have assumed that the NO 2 is uniformly dispersed over the range R at a concentration of 0.1 ppm. The corresponding attenuation is aNo( 2 ) = 0.068 km-'. At 10 mJ transmitted energy ranges of 5 km and 7 km are possible.
For a shot-noise-limited detection care must be taken to keep the background power due to solar radiation less than the minimum detectable signal.' At 0.4 zm the sky radiance is 10-2 W cm-2 jr1 sr'. For a telescope receiving area of 1000 cm 2 , filter bandwidth of 0.5 cm-', and f/8 optics with a detector area of 10-2 cm 2 the background power is PB = 1.6 X 10-10 W. This is just less than the minimum detectable signal for a 20-MHz shot-noise-limited photomultiplier tube. Again it is an advantage to transmit the energy in a short time to remain shotnoise instead of background-limited. For operation range in Fig. 3 . Optimizing a-by detuning from the line center significantly reduces the required transmitted energy. In addition, the required energy is further reduced or the signal-to-noise ratio of the measurement is improved proportionately to the square root of the number of averaged pulses. Figure 3 assumes a CO concentration of 20 ppm over a path L = 100 m. For this case NAR < NpL up to a range of 10 km. Thus the optimum cross section for measurement given by Eq. (21b) approximately equals the cross section for minimum energy given by Eq. (15). For a less concentrated pollutant cloud or a higher natural atmospheric pollutant concentration such that NAR NpL, the optimum cross section for measurement again approximates that for detection given by Eq. (16). Figure 3 shows that for transmitted energies of 20 mJ backscattered absorption measurements are possible for ranges up to 10 km. For most cases in urban areas, a 10-km range is more than adequate and the advantage of a single-ended absorption measurement may offset the disadvantage of higher laser power and larger telescopic optics.
In the ultraviolet spectral region the atmosphere is less transparent but the detector sensitivity is increased by the use of a photomultiplier tube. with better filtering or under night-time conditions, the required power can be reduced under constant energy conditions until the background power is reached. This example also shows that the background sets a limit to the telescope aperture and field of view. It is not advantageous to increase the receiving area beyond that at which the background power equals the minimum detectable power. The backscatter absorption detection method using a topographical reflector is useful over the entire spectral region from infrared to ultraviolet. The method is capable of measuring pollutant concentrations of x 10-8 for a range of 100 m to less than 1 X 10-10 for a 10-km range. These levels are well below the concentrations of distributed air pollutants. The versatility of this single-ended absorption method along with its range and sensitivity warrant serious consideration when comparing alternate methods of remote air pollution detection.
B. Backscattered Absorption from a Distributed Reflector
The addition of a tunable laser source to the lidar system allows the use of Mie or Rayleigh backscattering as a spatially distributed mirror. The change in backscattered power when tuned on and off an absorption line of a pollutant is then proportional to the pollutant concentration. Furthermore, the pollutant is sampled over a depth cr/2, where -r is the transmitted pulse length. The range of the sampled region is determined by measuring the round trip flight time of the pulse. Thus a 100-nsec pulse samples a length of 15 m, which by Table I allows pollutant concentrations to be measured to 0.14 ppm.
Following the previous example we solve for the transmitted pulse energy vs range necessary for pollutant measurement. For the present calculation we assume that the backscattered radiation is due to both Mie and Rayleigh scattering.
The Mie backscatter coefficient
is approximately given by
Inspection of Eq. (32) shows that if = 3Mie, at a constant range there is an optimum visibility or optimum aMie given by a Mie = 1/2R (33) In general aMie is less than optimum in the infrared and near the optimum value for ranges near 1 km in the visible and ultraviolet spectral regions.
Assuming the same parameters applied earlier for CO detection, Eq. (32) reduces to (34) which is approximately three orders of magnitude larger than the energy required for reflection from a topographical target. Figure 5 shows the minimum energy given by Eq. 
A 100-mJ pulse is now required to achieve a range of (29) or Id where r = 4'7r for isotropic Mie scattering, a value also approximately valid for partical sizes encountered in atmospheric scattering. 8 The Rayleigh backscatter is given by flRaY(r) = (3/167)axnaY.
The total volume backscatter coefficient used in Eq.
(1) is the sum or Mie Ray
f/(R) = (R) + 3(R).
(31) 6 8 RANGE (km)
We now apply the previous results for the minimum required energy with p7r replaced by '/ 2 c-r/(R).
For detection of CO in the infrared by Mie back= scattering Eq. (14) becomes Figure 5 shows clearly that it is necessary to optimize the absorption cross section if the pollutant is normally present in the atmosphere. Unlike backscatter absorption from a topographical reflector, the required energy can now be reduced by lengthening the transmitted pulse or decreasing the electrical bandwidth. The improvement is possible until the detector is limited by the background sky radiance. At 4 Am with a 0.5 cm-' filter, 103 cm 2 receiving area, and 1 mrad field of view, the background power is 1.6 X 10-9 W. For our assumed detector NEP of 0. 3 10-1 WHz-1/ 2 the background power at which the background-generated current equals the dark current is 3 X 10-5 W, which is well above the actual received background signal. If we use the more restrictive condition that the background power must be less than minimum detectable signal power, the background power for a 20-MHz bandwidth must be less than 1.9
10-8 W. The assumed spectral filter and receiver optics satisfies the background power condition for detector bandwidths down to 6 MHz. Thus the minimum transmitted energy cannot be significantly improved without a further reduction in background power.
For detection of a pollutant in the ultraviolet such as NO 2 at 0.4 pm the backscatter is increased. However, this and the use of a more sensitive detector are offset by the more opaque atmosphere.
For Mie backscattering using a shot noise-limited detector Eq. (12) fective absorption depth. However, as discussed previously, the background radiation sets a limit on the sensitivity that can be achieved by increasing the transmitted pulse length or the electrical bandwidth of the detector. We have calculated the required transmitted energy vs range to aid in the design of the remote detection system. In all cases considered, 100 mJ per pulse is adequate for ranging out to 3-5 km for integration over one pulse at S/N = 1. Integration over 100 pulses at a fixed range improves the S/N by Vn or 10. This corresponds to a measurement accuracy in pollutant concentration of 10%.
C. Measurement Accuracy vs Range
The evaluation of backscattered absorption detection methods can be presented in an alternate way. If we assume that the transmitted energy is fixed, we can use Eq. (20) to find the signal-to-noise ratio as a function of range. The measurement accuracy = Ax/x is the inverse of the signal-to-noise ratio, so we also determine the accuracy vs range.
The signal-to-noise ratio for shot noise-limited detection is given by Eqs. (22a) and (23a) and for dark current-limited detection by Eqs. (22b) and (23b). Combining Eqs. (5) and (9) with the above equations gives (37a) 1- exp[-2NpLa(X)]}) (37b) for V = 5and 10 km. Thus the energy required for Mie backscatter absorption measurements is 30 to 60 times that for scattering from a topographical target given by Eq. (28). Figure 6 shows the minimum required energy vs range at both the 5-km and 10-km visibility. As before, we neglect NAu(\)R for NO 2 and assume a uniform 0.1 ppm NO 2 concentration in the atmosphere. A similar result for the required energy is obtained for 10 ppm of NO 2 distributed over a 50-m length.
For a 10-mJ pulse, ranges up to 3 km and 4.5 km are possible for corresponding visibilities of 5 km and 10 km. Within these ranges NO 2 can be measured over a depth of 15 m to less than 1.0 ppm. For more sensitive concentration measurements the transmitted pulse length can be increased to increase the ef- 
S/N =#x[ET/Eo(R)112 x <1,
for shot noise-limited detection and
for dark current-limited detection. Here ET is the actual transmitted energy and Eo(R) is the transmitted energy as a function of range required for unity signal-to-noise ratio. Figures 7 and 8 show the signal-to-noise ratio and measurement accuracy vs range for backscattered absorption from a topographical target and from a distributed Mie reflector. The assumed transmitted energy ET is 100 mJ at a 100-nsec pulse width. The maximum signal-to-noise ratio is limited to 100 to correspond to measurement accuracy of 1%, which is the assumed value used in Table II. Figure 7 shows that the maximum signal-to-noise holds out to a 5-km range for CO and to 2-3 km for NO 2 for detection by use of a topographical reflector. For backscattered absorption by use of a distributed Mie reflector, the corresponding S/N = 100 ranges are slightly less than 1 km. The S/N = 10 range increases to between 2 km and 3 km for both CO and NO 2 detection.
The minimum measurable pollutant concentration depends on the measurement accuracy. For absorption measurement from topographical reflectors, the increase in range tends to offset the decrease in mea-.surement accuracy so that the minimum measurement concentration varies slowly with range out to the maximum range at which S/N = 1. For example, for a measurement of CO at a 1-km range -q = 1.0 ppb. Since the S/N = 100 out to 5 km, the minimum concentration occurs at that range and is 0.2 ppb. At longer ranges slowly increases until it reaches 3.5 ppb at a range of 10 km. Detection of NO 2 by backscattering from a topographical target behaves in a similar manner. For a 10-km visibility the minimum NO 2 concentration occurs for a 3-km range and is 4 ppb. It increases beyond 3 km to 20 ppb at 6 km.
For absorption measurement with depth resolution by Mie backscattering, the minimum measurable concentration remains constant over the range that S/N remains at 100. Beyond that range the measurable concentration increases due to poorer S/N. For example, for both CO and NO 2 the minimum measurable concentration for a 15-m depth resolution of 0.14 ppm and 0.85 ppm holds to 1 km for a 100-mJ transmitted pulse energy integrated over a single pulse. By 2 km the sensitivity is reduced to 1.4 ppm and 8.5 ppm. These sensitivities may be improved by increasing the transmitted energy or by increasing the pulse length and therefore the sampled depth and absorption length. However, in the latter case care must be taken to adequately suppress the background power.
IV. Comparison with Other Remote Detection Methods
Figures 7 and 8 illustrate the advantage of the backscattered absorption method for remote pollutant detection. Since the returned signal is not strongly dependent on pollutant concentration, the useful range is not limited when concentrations are low, as is the case for Raman and resonance fluorescence backscatter methods. In addition, the relatively large absorption cross sections allow measurements with good accuracy down to less than 0.2 ppm for a distributed reflector and to less than 10-2 to 10-3 ppm for topographical reflectors.
The detection sensitivities can be compared to previous estimates for pollutant detection by Raman scattering. For a transmitted energy of 0.1 J at the second harmonic of a ruby laser, the minimum detectable pollutant concentration by Raman backscattering is 76 ppm at 100 m and greater than 104 ppm at 1 km. These levels are much too high to be of value in pollutant monitoring except at highly concentrated pollutant sources. For the same transmitted energy the sensitivity of the Mie backscatter absorption method is 0.1 to 0.8 ppm for CO and NO 2 at a 1-km range. The backscatter absorption method using a distributed Mie reflector is 104 to 105 times more sensitive than the Raman method.
In the Raman scheme all molecules simultaneously backscatter at their respective Raman frequency shifts, including N 2 and 02. Detecting pollutant levels of the order of 10-100 ppm is hindered by Raman scattering from nitrogen and oxygen at atmospheric concentrations.
The disadvantage of using a tunable laser source for distributed Mie absorption method is offset by the ability to select a particular pollutant absorption transition without interference problems.
Resonance backscattering may provide detection sensitivity comparable to the present methods. In the infrared the long radiative lifetimes lead to lack of depth resolution. In addition, quantitative measurements become more difficult due to the quenched radiative lifetimes on the order of 1 Msec. As an example, CO can be detected at 1 ppm at a range of 1 km for a 100-mJ transmitted pulse.' With a distributed Mie reflector, Fig. 5 , shows that for the same transmitted energy CO can be detected out to 1 km at a concentration of less than 0.11 ppm. In addition, the depth resolution is 15 m. Since the backscattered absorption method monitors absorption and not fluorescence, variable quenching rates and fluorescence lifetimes do not complicate the measurement.
In the ultraviolet spectral region the molecular electronic transitions are excited by the transmitted pulse. These transitions are rapidly quenched to give a quenched radiative lifetime of approximately 0.1 nsec to 1.0 nsec. In this case, the resonance backscattered fluorescence intensity simplifies to an expression similar to the Raman intensity (see Appendix II, Ref. 1). The quenched fluorescence cross section is approximately 10-24 cm 2 , which is much greater than the Raman cross section of 10-30 cm 2 , so that the resonance fluorescence detection in the visible and ultraviolet provides a sensitive detection method with good depth resolution.
For example, a 100-mJ, 100-nsec transmitted pulse allows detection of 1 ppb NO 2 at 100 m and 1.2 ppm at 2 km. For backscattered absorption from a Mie scatterer, Fig. 6 shows that a 100-mJ pulse allows detection of 0.86 ppm NO 2 out to a range of 2-3 km. The resonance fluorescence method is still not as sensitive over long ranges as the backscatter absorption method. In addition, the absorption method again avoids inaccuracies in concentration measurements due to unknown quenching factors.
The detection of atomic vapor pollutants such as Hg is similar to the detection of molecules using electronic transitions. However, due to the much larger atomic cross section (see Table I ), the sensitivity is greatly increased. The larger absorption cross section may lead to pump depletion if care is not taken to optimize the cross section to a-opt by detuning from line center.
V. Conclusion
We have described and analyzed in detail two remote pollution detection methods based on backscattered absorption. The first method makes use of topographical reflectors and is capable of singleended long-path absorption measurements out to ranges of 3-10 km for a 10-mJ transmitted pulse energy. The detection sensitivity is more than adequate to detect dispersed pollutant at concentrations below 10-2 ppm.
The second method utilizes the strong Mie backscattered signal as a distributed reflector. This method allows accurate measurement of pollutant concentration with depth resolution to ranges between 1 km and 3 km for a 100-mJ transmitted pulse energy. In comparison with previously proposed remote-sensing methods, this method is 104 to 105 more sensitive than the Raman method and approximately 10 times more sensitive than the resonance fluorescence backscatter method. In addition, the use of tunable laser excitation and absorption measurements allows pollutant detection with minimum interference at optimum accuracy. The energy requirements for tunable laser sources are within present capability.
